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Abstract
Use of Spectroscopic Ellipsometry and Modeling in Determining Composition and
Thickness of Barium Strontium Titanate Thin-Films
Dominic G. Bruzzese III
Advisor: Dr. Jonathan Spanier, PhD
Significant advances have been made in the understanding of ferroelectrics since
they were first observed in Rochelle salt by Valasek, in 1920 [1]. Recently investigated
effects of improved properties by compositionally grading ferroelectrics has sparked
new and growing interest in the materials as electric field tunable dielectric materials.
With this increased interest in devices made from these materials comes the increased
demand to effectively synthesize and characterize these films in low cost high volume
production. This work attempts to bring the technique of variable angle spectro-
scopic ellipsometry (VASE) and computer modeling to the field for answering this
need of an all-in-one, rapid characterization tool. To achieve this goal, metallorganic
solution deposited BaxSr1−xTiO3 (BST) thin films on silicon and platinized silicon
substrates were characterized by several well-known techniques to fully understand
the structure, morphology, layer thickness, and topographical roughness. With the
information gained, a physical representation of the material system was constructed
for the use of modeling the layer thickness and optical constants of the BST layer.
VASE was then used to provide all of the information needed, the ellipsometric pa-
rameters as a function of energy and incident angle, to calculate layer thickness and
optical constants. The next step was to correlate the optical constants, represented by
an optical dielectric function parameterization, with the layer’s barium to strontium
ratio or composition. This connection was made by the dependence of the bandgap
on composition. As a result of this work, a step-by-step method was developed which,
by use of only VASE, can identify layer thickness and composition of an unknown
viii
sample. The caveat is the film must have been produced by the MOSD technique, and
have been deposited on either silicon or platinized silicon. This study is extendable to
other deposition techniques and substrates. Work supported by the Army Research
Office under W911NF-08-C-0124 and W911NF-08-1-0067. C.L.S acknowledges sup-
port from the NSF under CMMI-0804543.

11. Introduction and Motivation
Currently there exists the desire to move from mechanical hardware systems to
solid state electronic systems. The advantage gained is that of decreased device
power consumption, longer life and no maintenance, as well as having a lower profile
and lighter weight. This trend is seen also in microwave frequency communication
devices, as the projects are funded to improve the reliability and decrease cost of
solid state devices. Hence the motivation to develop a simple and cost effective way
to determine composition and thickness, as a kind of quality control, of single and
multi-layer barium strontium titanate thin-films.
Thin-film barium strontium titanate, BaxSr1−xTiO3 (BST) is a well-studied com-
plex oxide which is a solid solution of ferroelectric BaTiO3 and (quantum) paraelectric
SrTiO3. [2] It continues to attract significant interest for its applicability as a thin-film
electric field-tunable dielectric material for radio frequency (RF) and microwave fre-
quency electronic applications, for example in phased arrays and active electronically
scanned arrays. It has been proposed and demonstrated theoretically and experimen-
tally [3, 4, 5, 6, 7, 8, 9] that the incorporation of composition gradients in the form
of multi-layer films can be employed successfully to significantly reduce variation in
the dielectric (and frequency) response with temperature, critical for demanding RF
applications, as well as enhance the dielectric response relative to the monolithic case.
Continued development of scalable processes (e.g. MOCVD [10, 11]) for producing
large-area BST thin-film devices is needed, while including characterization of thin-
film product quality. Growth of complex oxide films in monolithic and graded form
for the above mentioned applications demands methods for rapid ex situ analysis
of film composition and uniformity, and in situ characterization of composition and
thickness during growth. Characterization and validation of many properties (tar-
2get film composition, film thickness, dielectric tunability, dielectric loss and leakage
and oxide-electrode interfacial electrical properties, uniformity of film thickness and
composition, surface and interfacial roughness, microstructure, texture, anisotropy,
thermal stress, and others) are key to optimizing thin-film and device performance.
Variation of the BST stoichiometry and ferroelectric polarization along the ver-
tical axis toward pure BTO, as in graded multi-layers, has been shown to provide
a dielectric function temperature insensitivity [7, 8, 4], along with an increased di-
electric response and low dielectric loss relative to the monolithic (pure BTO) case.
Such designs increase device performance and utility in a number of applications,
including as a tunable microwave communication technology. For BST to become
widely adopted and integrated, it must be produced by a scalable process such as
metallorganic chemical vapor deposition (MOCVD). [10, 11] This study is conducted
with the goal in mind that the methods be applicable across deposition techniques.
1.1 Scope of this work
The main scope of this work involves combining experimentally determined data
with a theoretical model which takes as inputs variable angle spectroscopic ellipsomet-
ric data and p-polarized reflectance data. The output from the model is film thickness
δ, interfacial abruptness, and the complex dielectric function. As [12] have shown a
correlation between composition and bandgap, the next logical step is then to infer
the thin-film’s composition (within ±5%) by use of the Tauc Plot. [13] Variable angle
spectroscopic ellipsometry provides an all-in-one characterization tool for analyzing
these three desired quantities. The BST system is well studied and this work takes
it to the next level by combining the characterization power of a scanning electron
microscope (SEM), atomic force microscope (AFM), and Rutherford back-scattering
(RBS) into one tool and analysis. Also discussed are the dependencies of the model
3on texture, film deposition technique, and crystallinity.
Perhaps it is also necessary to justify the way I have chosen to write this thesis, as
it may appear to be largely background information followed by the specifics of the
problem at hand. In my opinion far too often a problem is ‘solved’ by the proposal
of a model which has not been thoroughly scrutinized and aptly investigated for the
solution’s uniqueness. It then seems that a larger emphasis should be placed on a full
and deep understanding of the methods of optimization, parameter interactions, and
proposal and evaluation of the model, which is what I intend to do. Hopefully this
explanation provides insight to how and why this work is organized as it is.
42. Barium Strontium Titanate
2.1 Structure
BST, like BTO and STO, orders itself in the perovskite crystal structure. Whether
it forms as a cubic or some other non-isotropic crystal is dependent on thin-film strain
and temperature, as well as the composition. Pictured in Figure 2.1 is a typical cubic
perovskite structure. The central atom is the Ti4+ cation, which is surrounded by
an octahedral cage of oxygen atoms. Situated in the corners of the unit cell are
the anions. In the case of BTO, all eight cations are barium ions. In STO, they
are all strontium anions. Since BaxSr1−xTiO3 is a substitutional solid solution, the
corner cations will be a randomly distributed mix of Ba and Sr according to the
stoichiometry.
Figure 2.1: Structure of BST in cubic perovskite phase.
52.1.1 Temperature and Compositional Dependence
The cubic nature of the perovskite unit cell in BST is dependent on temperature.
Above a critical temperature, called the Curie temperature, BST of all different com-
positions are cubic. Upon cooling through the Curie temperature, a phase change to
tetragonal perovskite occurs. This lengthening of the ‘c’ axis introduces an anisotropy
in the unit cell structure as well as the charge distribution. The charge distribution
is coupled to the lattice, and now exists as permanent electric dipole. As cooling
continues, further distortion occurs, increasing the anisotropy and magnitude of the
permanent dipole. When BST is in its cubic phase it is paraelectric, and when it be-
comes anisotropic, ferroelectric, which implies a permanent and switchable electronic
state.
Another aspect of this system is the composition. The phase of the BST depends
on the composition, yet only insomuch as the Curie temperature is a function of
composition. This dependence was explored in bulk BST ceramics by Hilton et al.
and is a result of their study. [14] As one sees from Figure 2.2, as STO content
increases, the Curie temperature, or temperature above which the material is cubic
and paraelectric, decreases. The Curie temperature of BST60/40 is approximately
-25◦C, BST75/25 +25◦C, and BST90/10 is 100◦C.
2.2 Film Synthesis
BST thin-films have been and can be synthesized by many techniques. Thesis are
discussed below.
2.2.1 MOSD
Metallorganic Solution Deposition (MOSD) involves dissolution of metallic pre-
cursors in solvents which are then combined in the desired stoichiometric ratio. The
6Figure 2.2: Curie temperature dependence on BST composition. Plotted as a function
of STO content. [14]
solution is then applied to a rotating substrate and subsequently pyrolized. Pyroliza-
tion is the process by which organic addenda and solvents are removed from the spin
coated layer by heating to a temperature of about 350◦ for 10 minutes. [10] The spin
coating and pyrolization is repeated until the desired thickness is obtained. Finally,
the sample is annealed. For more information, see cole et al. [4].
2.2.2 MOCVD
Metallorganic Chemical Vapor Deposition (MOCVD) involves the deposition of
material in vapor phase at high temperature onto a substrate. This is typically
performed in a stainless steel reaction chamber under very low pressure. MOCVD
provides uniform films which can be controlled precisely using mass flow controllers.
For more information and specifics on precursors and recipes, see references [15, 16].
Figure 2.3 highlights the comparison of MOSD and MOCVD techniques. Figure
2.3(a) shows the process diagram for an MOSD process and Figure 2.3(b) is an image
7taken at Structured Materials Industries (SMI) which shows a typical MOCVD reactor
with which these films could be batch processed in the future.
(a) Schematic process diagram of MOSD
(b) MOCVD setup used at SMI to make BST
films
Figure 2.3: Thin-film deposition techniques.
During the growth process, local fluctuations or drifts in precursor supply to the
reaction chamber can result in non-uniform compositions across the thickness. Also,
the total thickness of the layer is something that must be calibrated to the precursors
used, flow rates, pressure in the chamber, and substrate temperature. It would provide
8an increase in compositional control and thickness if there were a way to characterize
these quantities in situ during growth, as has been successfully shown in TiN films
by Langereis et al. as well as Logothetidis et al.. [17, 18] This could be coupled to a
feedback system, which automatically controls the amount of precursor entering the
chamber to provide a higher degree of compositional uniformity ultimately resulting
in higher device quality and reliability.
2.3 Effect of Grading
The MOSD and MOCVD deposition techniques lend themselves to the production
of graded BST films. In MOSD, each spin coated layer’s Ba to Sr ratio is adjusted,
such that there is an effect of grading in the vertical direction. This grading can be
performed gradually, changing continuously as in Figure 2.4(a), or abruptly and in
sections as in Figure 2.4(b). However an annealing step must occur before switching
compositions as the self diffusion across different compositional layers in amorphous
BST is high and one single anneal post-deposition would produce a film with one
average composition across the thickness. To obtain discrete layers, the appropriate
annealing procedure must be followed and as a result, it is impractical to make a
continual compositionally graded film with the MOSD technique. As MOCVD film
growth occurs epitaxially, the film goes down crystalline and the composition could be
continually varied across the thickness as simply as discrete grading could be achieved.
MOCVD also lends itself to large batch processing and can be easily scaled up from
research to production.
2.3.1 Effect of Polarization
Z. G. Ban et al. have reported on a quantitative description of the charge offset in
Q-V hysteresis plots which is due to internal potentials arising from nonuniform free
9(a) Gradual grading (b) Discrete grading
Figure 2.4: Different types of grading in multi-layer films.
energies in graded ferroelectric materials. [3] Their theory begins with the generalized
Landau-Ginzburg-Devonshire (LGD) theoretical description of the free energy and
ends up with an expression for ∆Q.
∆Q = CQVint =
k
L
L∫
0
z
(
dP (z)
dz
)
dz (2.1)
In this expression, k is the ratio of the capacitance of a load capacitor in a Sawyer-
Tower circuit to the capacitance of the graded ferroelectric; which, for graded BST, is
a function of applied bias. The critical aspect of this equation is correctly representing
the polarization term, P (z), by use of a slightly modified LGD free energy.
F =
∫ L
0
αP 2
2
+
βP 4
4
+
γP 6
6
+
A
2
(
dP
dz
)2
− 1
2
EDP − EP + F iel
 dz (2.2)
α, β, γ, and A are free-energy expansion coefficients where only α depends on
temperature and is given by the Curie-Weiss law α = (T − To)/0C, and A can be
approximated by δ2|α| where δ is the characteristic length along which the polarization
varies. E and ED are the external electric and depolarizing field, respectively. The
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novel part of equation 2.2 is the F iel term, which represents the contribution due to the
internal stresses arising from variation of the lattice parameter. This variation would
be due to the discrete or continual variation of composition along the z direction. The
effect of thin-film strain on tuning ferroelectric properties is largely understood [2, 19,
20], but the point of equation 2.1 is that explains why there is such an enhancement
of properties in compositionally graded BST and it is from this theory and what has
been seen also in experiment that this work motivated.
It has been shown theoretically by Alpay et al. that there arises a coupling between
the graded layers which, to an effect, suppress the phase transitions. [21] This is due
to biaxial tension or compression imposed on each layer by the other layers, as the
discrete layers which would prefer to have different lattice parameters.
Some early work on graded ferroelectrics was done by Mantese et al. in 1997. [22]
They used the Slater model to describe the polarization profile along the z direction
of a compositionally graded BST stack and found improved properties with the “up”
graded devices. Figure 2.5 is from their work and shows in part (a) and (b), the “up”
and “down” graded configurations, respectively.
2.3.2 Temperature Insensitivity
Many advantages arise from grading the films. For one, by engineering a composi-
tional gradient perpendicular to the area of the films, one can achieve an insensitivity
of the dielectric function to temperature. As is shown in Figure 2.6, the greater the
extent of grading, the flatter is the response of the dielectric function with tempera-
ture. This temperature insensitivity in graded BST has been verified experimentally
by Cole et al. as well as in this work. [4]
Figure 2.6 from [4] shows that the greater the extent of grading, the correspond-
ingly flatter temperature dependent dielectric function. It is important from a device
11
Figure 2.5: Electric displacement plotted against electric field for both “up” and
“down” compositionally graded BST multi-layer thin-films from [22].
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Figure 2.6: Effect of extent of grading on temperature insensitivity of the dielectric
response. [4]
point of view to not have temperature dependent effects, as this would make practical
device fabrication and operation much more difficult, if not impossible.
2.3.3 Increased Dielectric Response and Tunability
For the monolithic case, as the Curie temperature is approached, the dielectric
response increases and then decreases anomalously. There is also a corresponding
peak in dielectric loss at this transition. Alpay and Ban [3, 23, 24] have led the effort
in developing the theory of polarization and dielectric response of compositionally
graded BST thin-films. In a graded BST thin-film, there is a broad range of tem-
peratures over-which at least one of the layers is in this anomalous region, where its
dielectric properties (and its loss) are enhanced. Thus, in a graded BST thin-film
whose composition varies from 60/40 to 90/10, there should be a phase transition
occurring (or trying to occur) at all temperatures between -25◦C and 100◦C.
Devices have been made, typically using interdigitated capacitors, which exhibit
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these responses and temperature stability that have been studied theoretically and
confirmed experimentally. An increase in the thin-film’s tunability is defined as an
increase in the degree of variation in the dielectric constant per applied electric field.
[25] Al Ahamad synthesized a wide-tunable low-field BST capacitor showing tunabili-
ties of 63% with a loss tangent of 0.0204. [26] Chen et al. produced an analog tunable
matching network using integrated BST capacitors. [27] A monolithic Ka-band phase
shifter was made by Erker et al. and proved to produce a continuous 0◦− 157◦ phase
shift at 30 GHz with an insertion loss of 5.8 dB and return loss 12 dB. [28] Others
have demonstrated similar results with BST capacitors synthesized by various meth-
ods between platinum electrodes. [29, 30] Continued improvement of the development
of these kinds of devices depends on the advancement of characterization of graded
BST thin-films, as the grading provides a temperature insensitivity, increased dielec-
tric response, and tunability. Further control of these parameters as well as dielectric
loss can be exhibited by doping with Mg as in [11], with MgO as in [31, 32], or La as
in [10].
2.4 Complex Dielectric Function
In order to appreciate the body of this work fully, a profound understanding of
the dielectric function is useful. This section will review basics of interpretation of
the dielectric function, how the real and imaginary part are related, and some useful
methods for parameterizing the dielectric function. The latter will be particularly
useful when modeling the dielectric function from acquired data.
The fundamental electronic excitation spectrum is generally described in terms of
its frequency-dependent complex dielectric constant [33].
˜(ω) = 1(ω) + i2(ω) (2.3)
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The optical properties of a medium can be described by the complex dielectric
function as in equation 2.3 as well as by the complex index of refraction, N˜(λ) =
n(λ) − ik(λ). [34] The index of refraction and extinction coefficient are commonly
plotted as a function of wavelength, whereas the real and imaginary parts of the
dielectric function are plotted as a function of energy. There exists a relationship
between N˜ and ˜ which is N˜2 = ˜, and 1 = n
2 − k2 and 2 = 2nk
2.4.1 Kramer-Kronig Relation
The complex dielectric constant is comprised of a real and imaginary part, which
are related to each other by the Kramers-Kronig relations (KKR)
1(ω)− 1 = 2
pi
P
∞∫
0
ω′2(ω′)
ω′2 − ω2dω
′ (2.4)
2(ω) = −2ω
pi
P
∫ ∞
0
1(ω
′)− 1
ω′2 − ω2 dω
′ (2.5)
An analytical solution to the KKR can be used by modeling software to calculate
the real part of the complex dielectric function, as the imaginary part is what is
modeled. Typically, a software computes an analytical solution to the KK relation
for computation of the pair.
Actually determining the dielectric function accurately for a wide range of fre-
quencies from first principles is computationally intensive [35], and according to
DiDomenico et al., “such computations require integration over the full Brillouin
zone as well as over all frequencies, so that important physical quantities tend to be
obscured by the computational details of the analysis.” [33] Therefore, special cases
are generally considered, within the frameworks of specific materials systems. For the
purposes of this work, we are interested in the optical region of the spectrum and the
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energy at which the bandgap occurs.
2.4.2 Parameterization
As the dielectric function analysis provides insight into fundamental optical prop-
erties and provides a way to probe the electronic structure of materials, it is of use to
correlate the dielectric function to particular parameters which may or may not be de-
pendent on photon energy. As it is intimately connected to electronic band structure
and is a function of frequency, parameters relating to the band structure can be deter-
mined by derivations. Parameterization of the dielectric function can be performed in
many different ways, as is evident by the vast spread of techniques seen in the litera-
ture and discussed in upcoming sections. There are different physical contributions to
the dielectric function which are only active in certain frequency ranges, and therefore
analysis of the function is typically separated into specific ranges, where generaliza-
tions and assumptions can simplify the analysis. This is done by understanding the
specific material system which is to be analyzed for the dielectric function, then con-
sidering the range where analysis is to take place, and finally selecting an appropriate
model. The approach to parameterizing the dielectric function depends heavily on
the type of material being analyzed, and there are a host of methods and models that
do this. This thesis will serve to provide a brief overview of some of the techniques
of parameterizing the dielectric function from first principles, as well as review their
application to specific material systems. The applicability of a particular parame-
terization to a material depends on how the parameters are derived, as well as what
information is desired from the analysis and will be discussed in detail.
Parameterizing the optical dielectric function is really a delicate task as it is easy
to smooth out crucial features as a result of approximations. As of yet, there is not one
parameterization which is applicable across all material systems and at all frequencies
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which is not over computationally intensive. Therefore, in addition to splitting the
techniques used to applicable frequency ranges, they are further distinguished by the
type of material system. One popular way of making this distinction is to consider
a class of materials which behave in a certain manner and look at their mechanism
of energy absorption. For example, in metals, one finds intraband absorptions which
correlates to a plasma frequency, there are certain scattering properties, collision
lengths, and charge densities; all of which affect the way in which electromagnetic
radiation interacts with the metal. Thus, due to this strong coupling, with a proper
formulation, one can correlate the dielectric function analytically to these properties,
and then by obtaining the dielectric function by some spectroscopic method, elec-
tronic properties can be inferred. In semiconductors, which are typically ionically
bonded crystal lattices, there are interband absorption contributions from photons.
As a result, part of the analysis will be an investigation of which parameterization is
applicable in which frequency ranges of the data. This will be discussed in detail in
Chapter 4
2.5 Absorption
There are several photon absorption processes that occur in materials. The type
of absorption depends on the energy of the incoming photon, the material’s proper-
ties, and the presence of defects in the material. As this work attempts to identify
composition of BST based on the determined bandgap, it is important to make the
distinction between different mechanisms of absorption, and to identify which one it
is that will be composition dependent.
17
(a) Schematic representa-
tion of the fundamental
bandgap energy following
the parabolic band ap-
proximation
(b) Due to the presence of
defect states, the observed
bandgap is decreased, as
vacancies and defects act
as donors and acceptors
Figure 2.7: Comparison of the fundamental bandgap and the observed bandgap,
where energy is plotted for DOS for the CB and VB.
2.5.1 The Fundamental Bandgap
The fundamental bandgap must be first defined. Following the widely adopted
parabolic-band approximation, the density of states (DOS) of the conduction band
(CB) and valence band (VB) exist such that there is range of energy in which occupa-
tion is forbidden. As no electron can exist in this energy range, to go from the valence
to conduction band, an electron needs to gain energy, Eg to make this transition. This
is shown in Figure 2.7(a) schematically.
We will find that as the bandgap of BST depends on several factors such as an-
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Figure 2.8: The results of [12] which suggest that identification of the bandgap pro-
vides a means by which composition may be determined.
nealing temperature, annealing atmosphere, deposition technique, and composition,
there is a certain deviation from the ideal case described pictorially in Figure 2.7(a).
While, it is the fundamental bandgap’s dependence on composition that we hope to
exploit, to use bandgap as an identifier for composition, it is crucial that the other
mechanisms of absorption and other dependencies be accounted for, otherwise this
will be impossible. Panda et al. conducted a study in 1998 that outlined a trend
of the dependence of the bandgap energy on BST composition. [12] The relative
change in bandgap from one composition to the next may be the same with all other
variables held constant, but as the Panda study was performed with RF sputtered
and no annealing procedure was discussed, their results are not absolute in the sense
that a different combination of deposition technique and annealing procedure would
produces different values for bandgap, though the overall shape would be the same.
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2.5.2 Intraband Absorption
Intraband absorption involves the promotion of an electron in the VB or CB to
a different energy state within the same band. The energy scales associated with
this kind of absorption are much smaller than that of an interband transition so
their contribution to absorption would only be a significant proportion of the total
absorption at low energies of excitation. A specific case of intraband absorption is
absorption by free carriers. This effect is seen most commonly in metals, where the
electrons are delocalized and free to absorb incident EM radiation. The contribution
is negligible in the BST system.
2.5.3 Defect States and Absorption
Defects are a thermodynamic necessity. As such, their presence can be expected in
any material. These defects can act as an intermediate stepping stone for the photon
which is being absorbed. [36] The presence of an absorption edge indicates these
localized defect states. Figure 2.9 from Longo et al. demonstrates how the presence
of defects, which are more prevalent in amorphous BST than crystalline, adds a tail
to the absorption curve. [36] This complicates unambiguous determination of the
bandgap. In an ideal case, when defect states did not play a role, the absorption
would be a sharply increasing function of energy at the bandgap energy. [13]
2.5.4 The Tauc Relation
In the event that defect state absorption is present, and the absorption is not
a discrete step as would be in the ideal case, one way to calculate the bandgap
unambiguously was developed by Tauc. [13] The Tauc plot was developed with
amorphous semiconductors in mind (see also [37, 38]), but it is applicable any time
interband absorption is not the only mechanism present, as was demonstrated in Hf-
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Figure 2.9: From ref [36], defect states (which are more present in amorphous BST)
add a tail to the absorption curve, and effectively lower the ‘bandgap’ of the material.
The x-axis is erroneously labeled Phonon energy, eV. It should read “Photon energy,
eV”.
SiO films by [39], in Bi3.5Nd0.5Ti3O12 films by [7], as well as with the BST system.
[12, 40, 41, 42, 43, 44, 45] Fundamentally, it attempts to ignore the absorption tail
and take the energy value at which the bulk of absorption is taking place. The Tauc
relation is shown in equation 2.6. ‘α’ is the absorption constant and is a function of
energy, ‘h’ is Planck’s constant and ‘r’ is 2 for direct gap and 3 for indirect gap. As
BST is direct gap, ‘r’ is 2 in this case.
αhν = const.(hν − Eg) 1r (2.6)
In the case that the absorption curve goes from basically zero at low energies to
a maximum at higher energies, plotting (αhν)2 vs hν will yield a curve which has
a similar shape, but from this point, extrapolation of the linear region of the curve
down to zero will provide the fundamental bandgap energy.
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2.5.5 Variation in the Bandgap Due to Stress and Temperature
As was reported in “Optical Properties of Semiconductors” by Harbeke [46], there
is a detectable effect of stress and temperature on bandgap insomuch as those effects
affect the lattice constants of the crystal (or polycrystal). The relationship identified
in equation 2.7 quantifies the effect in general, where α is the volume expansion
coefficient and β is the compressibility. Typically the variation in bandgap per degree
Kelvin is approximately −0.0004 eV
K
dEg
dT
=
(
dEg
dT
)
V
+
α
β
(
dEg
dP
)
T
(2.7)
As this variation in bandgap energy per temperature is below the threshold of
sensitivity for this work, it can be ignored. However, if future studies are extended to
apply the method developed here to MOCVD in situ process monitoring, then this
effect must be included in the analysis.
2.5.6 Ellipsometric Parameters and Related Equations
The quantities determined by VASE are called the “Ellipsometric Parameters.”
These are ‘Ψ’ and ‘∆’ and are related to the pertinent physical quantities by the
Fresnel coefficients Rs and Rp represented in equation 2.8.
ρ =
Rp
Rs
= tan Ψei∆ (2.8)
At an interface of two different indices of refraction, schematically represented in
Figure 2.10, some incident EM radiation will be reflected, and some will be trans-
mitted. The coefficients of reflection of the transverse electric and magnetic field,
respectively, are R˜p and R˜s. [34] The square of these quantities give their respective
intensities. As the ellipsometer measures Ψ and ∆, it is through these quantities,
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Figure 2.10: Schematic of Fresnel reflection with Snell’s law.
R˜p and R˜s that we come to the quantities such as thickness and dielectric constant.
They are related through Snell’s law, and trigonometry as is indicated in Figure 2.10.
We can now express the relationship as follows, using the Jones-Matrix formalism:
 E˜p
E˜s

reflected
=
 R˜p 0
0 R˜s
 ∗
 E˜p
E˜s

incident
(2.9)
This equation is valid under the assumption that the surfaces are perfectly parallel,
and is sufficient unless the deviation from this expectation is more than 5%. Thus,
when creating the physical model to be used in calculation of layer thickness and
optical constants, the layers must be parallel. So if there is a physical feature in
the actual material system that does not have parallel boundaries, approximations
must be made to appropriately fit the physical representation within the confines
of the model. In the event that the surface of the sample is non-ideal, or some
other anisotropies exist like surface, interfacial, or grain boundary roughness, the
off-diagonal components of the reflection matrix are not zero.
 R˜pp R˜ps
R˜sp R˜ss
 (2.10)
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The equations are still solvable, but a more algebraically complicated expression
is used.
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3. Characterization Techniques
3.1 Scanning Electron Microscopy
SEM is a fundamental technique in materials characterization. The fundamentals
may be reviewed in Greer et al., but they need not be understood to benefit from the
data presented here. [47] SEM images are included in Section §5.2 which show the
cross-sectional images of the films which were studied. The use of SEM in this work
was to gain initial estimations for thickness of the films’ layers, as one important step
in proper modeling is providing the best initial estimate.
3.2 Atomic Force Microscopy
Film roughness values have been reported by M.W. Cole et al. on films that were
produced by the same techniques as the films used in this study. However for quality
of research, AFM was performed at Drexel University to obtain roughness values.
The AFM used was an Asylum Research MFP3D, from Santa Barbara, CA. These
values are reported for some of the samples in Section §8.1. Again only some samples
were studied by AFM, as the purpose of this investigation is to provide an initial guess
for the roughness values to be used in modeling. The use of this data is discussed in
§5.3.
3.3 X-ray Diffraction
X-ray diffraction was used in this work to confirm that a polycrystalline perovskite
phase was in fact present. The results which are included in §8.1 show that this is
indeed the case. A “Siemmons D500 Difraktometer” was used to collect data in the
angular range of 2θ from 30◦ to 50◦ and the results of the experimental data are
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discussed in §5.2.
3.4 Raman Spectroscopy
Raman spectroscopy was collected on MOSD prepared samples at room temper-
ature with a Reinshaw RM1000 514.5 nm laser. Raman spectroscopy works on the
principle that electromagnetic energy generated by a laser and at a particular en-
ergy is focused on a sample through the focusing optics of a microscope. Counts are
recorded as a function of energy by passing the reflected beam through a prism and
onto a CCD detector. For more detailed information on the theory of the interactions
of light with material and the resultant Raman scattering, see chapter 7 of Yu and
Cardona. [48]
3.5 Variable Angle Spectroscopic Ellipsometry
The technique of variable angle spectroscopic ellipsometry (VASE) is central to
this research. Thus a deep understanding of this technique is essential to fully un-
derstand and appreciate the work presented here. The ellipsometer used is the J.A.
Woollam Co., Inc. M-2000U spectroscopic ellipsometer. Ellipsometry is fundamen-
tally a measurement of the change in the polarization state of light upon interaction
with a sample.
Measurements are performed by sending an obliquely incident beam of linearly
polarized light which sweeps in wavelength from approximately 250nm to 1000nm.
The polarization state of the reflected light is then detected. This measurement can
be performed at various angles from normal; specifically for this work, the vertical
angles 65◦, 70◦, and 75◦ are used. These angles are chosen to be above and below
the Brewster’s angle, which for a material with an index of refraction of about 2.5
in air is 68.2◦. A schematic representation of this is presented in Figure 3.2. The
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Figure 3.1: J.A. Woollam ellipsometer used for this work. [49]
WVASE32 c©’s program controls the ellipsometer, as well as performs the modeling
and fitting of the ellipsometric data.
3.5.1 Determination of the Ellipsometric parameters
This section describes the specifics of how the ellipsometer used in this work ob-
tains the values ψ and ∆. Different ellipsometers are fundamentally the same, at a
high level, an ellipsometer consists of a light source, optics, and a detector. It is the
optics between the source and detector that differentiate different types of ellipsome-
ters. The M-2000U is a rotating compensator ellipsometer which uses an unpolarized
light source and a CCD array to detect the light. The rotating compensator allows
for measurement of %depolarization, which is necessary to fit quantities like thickness
non-uniformities and other non-idealities. The unpolarized light is incident on a sta-
tionary polarizer which outputs linearly polarized light. This then enters a rotating
compensator, which is a rhomb-like prism of an anisotropic material which is oriented
with the fast axis perpendicular to the incident beam. The thickness of the crystal
is such that there develops a 90◦ phase difference between the electric and magnetic
component of the light. This produces a phase velocity which essentially converts
the linearly polarized light into circularly polarized light. The light then interacts
with the sample and reflects off at the chosen angle and enters the analyzer, which
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Figure 3.2: Schematic representation of VASE. [49]
is a stationary polarizer. Beyond the analyzer is the CCD detector, which reads out
a voltage depending on the intensity of light on it. The measured voltage, V(t), is
related to the ellipsometric parameters by the following relations.
V (t) = DC + a cos (2ωt) + b sin (2ωt) (3.1)
α =
a
DC
=
tan2 ψ − tan2 P
tan2 ψ + tan2 P
(3.2)
β =
b
DC
=
2 tanψ cos ∆ tanP
tan2 ψ + tan2 P
(3.3)
α and β are the normalized Fourier coefficients of the signal and P is the polarizer
azimuthal angle with respect to the plane of incidence, which is known. The expres-
sions for α and β are derived from a Jones matrix analysis of the rotating analyzer
optical system. For a full derivation, see the J.A. Woollam WVASE32 manual. [49]
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‘DC’ in equation 3.1 is the DC offset for the detector. This value is determined from
a calibration step, where the input light shutter is closed so only ambient light enters
the detector. This calibration, performed before each measurement, ensures that the
light detected is only from that of the source and sample.
The nature of ellipsometric measurements are very precise, but the accuracy of the
determined results are difficult to determine. If the model used to fit the ellipsometric
parameters is unique in that there are no strongly correlated parameters, then the
solution to the model will be very precise too. However the accuracy is not necessarily
guaranteed. To guarantee the results’ accuracy would require another measurement
technique with equal or greater accuracy. J.A. Woollam’s response to this potential
issue is, “We can only hope that by making the ellipsometer and model as accurate
as possible, the results will be accurate as well.” [49]
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4. Modeling
Modeling is performed with the use of the WVASE32 c© software package from J.
A. Woollam Co., Inc. The program manages acquired ellipsometric data, generated
physical models, and performs the optimization of the free parameters defined in
the model. The general steps for modeling the obtained Ψ and ∆ data are first to
measure experimental data, then develop the physical model and fit the experimental
data to the model. The result of the fit will be an improvement on the model, and
subsequent iterations can be performed to continue to increase the accuracy of the
fit. Schematically one can picture the process as in Figure 4.1.
Building a perfectly accurate physical model that describes the physical system
being modeled is tantamount to acquiring pertinent and accurate results. It is possi-
ble to fit the data acquired from VASE to any geometry; the WVASE32 program will
simply perform the mathematical fitting algorithm to adjust the thicknesses and opti-
cal constants, whichever are free variables, to come to the lowest mean squared error
(MSE). Thus, just obtaining a low MSE does not guarantee accurate thicknesses and
optical constants. It is only after verifying the proposed material system geometry by
the use of other characterization techniques (like SEM, AFM, or TEM, for example)
that one can believe the results obtained.
4.1 Physical Representation
Within the WVASE32 program, there are a few ways to represent a physical
‘layer’ of the sample. We will refer to a layer as a region of material that is distinct
from adjacent matter and modeled as a distinct spatial region of the physical sample.
First a substrate will be defined (unless the measurement is performed in transmission
30
Figure 4.1: Process diagram of the method for obtaining extinction coefficient.
mode) and is treated as a semi-infinite medium. This implies that there are no surfaces
below the substrate which could provide a reflection. ‘Layers’ can exist which will be
defined as regions in space of certain thickness, ‘t’, and with optical constants which
vary as a function of energy.
Additionally, interfacial regions between layers can exist which are not simply one
or another material type, but rather a percent of one and a percent of the other. This
type of layer is different from an alloy, in that material A and B are not uniformly
distributed throughout the thickness. This kind of layer is represented by an effective
medium approximation or (EMA). Aspnes uses EMA models to describe microscopic
surface roughness particularly to be applied to VASE measurements. [50] In general,
EMA layers will be described by a certain thickness, a shape factor, and ratio of
material A to B. EMAs are also useful in describing porous materials, or materials
which have a certain void percentage distributed throughout. [51] The EMA that will
be used to describe surface roughness layers in this work is the Bruggeman EMA as
it has been shown to work well with other perovskite films. [7]
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Figure 4.2: Sample model geometry, pictured here is the monolithic case.
4.1.1 Effect of Microstructure
Issues could arise due to microstructure and texture effects. As it turns out there
are issues of optical clarity due to texture or microstructure, however a potential is-
sue is that a different growth technique imparts a different characteristic combination
of texture and microstructure which would make a study across different deposition
techniques difficult. However for a study of samples from the same deposition tech-
nique, there will be no effect on the bandgap determined that would invalidate the
techniques described in this work. There is of course the requirement that the depo-
sition technique produces films of optical quality as well as a surface roughness which
is on the order of less than 1
10
th
of a wavelength of the probing light.
4.2 Optimum Parameterization
Through modeling and analysis of the results and comparison to the characteriza-
tion data, the Tauc-Lorentz Oscillator model was decided to be the optimum param-
eterization for modeling the dielectric function of BST. It is instructive to discuss the
theory of this and a few other parameterizations, which are central to this research.
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4.2.1 Lorentz Oscillator Model
Perhaps the best place to start with investigating potential parameterizations is
with the Lorentz Oscillator (LO) model. It is appropriate for the purpose of obtaining
dispersion information from semiconductor materials or crystalline solids, due to the
LO model being a very simple case of the mass and spring type interaction. This is
an appropriate assumption when considering that the atoms in crystalline or poly-
crystalline solids are bonded together, and their force versus displacement curves are
linear at small vibrational amplitudes. This linear, or Hookean, character is now as-
sociated with the bond and will have a resonant frequency with a certain amplitude
and a certain broadening of the energy as this frequency is approached, and some
spring constant. [52] Many semiconductor materials fit this model description due
to their regular lattice structure and ionic character. As the LO model takes into
account information about the lattice, this type of model also works well where there
is a high reststrahlen contribution from the TO phonons. [48] The LO model is ap-
propriate because in this case, the range of angular frequencies studied is greater than
transverse optical phonons and less than the longitudinal optical phonons. Equation
4.1 describes the dependence of the dielectric function on each harmonic oscillator
(as there may be more than one).
2(E) = 2nk =
ALE0CE
(E2 − E20)2 + C2E2
(4.1)
In the above equation E0 is the peak transition energy and C is the broadening
term and AL is a fitting parameter. The equation shown is for that of one oscillator,
and if more oscillators were needed to describe the optical transitions in the material,
then subscripts are included to distinguish between them. These ‘oscillators’ can
be thought of physically as different resonances which arise due to different ‘mass -
spring’ combinations, or bond lengths, in the solid.
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4.2.2 Lorentz + Drude Oscillator Model
The Drude Oscillator model is also widely used as it is applicable to metallic
materials. The main interaction in metallic materials with light is that of delocal-
ized electrons, and it gives contributions to the dielectric function from that of the
high frequency lattice dielectric constant, plasma frequency, and electron scattering
frequency. As the dielectric function of metals is not typically studied, the Drude
Oscillator model is often combined with the Lorentz model to incorporate the metal-
lic character of the material being modeled. The combined Lorentz Drude Oscillator
(LDO) model is presented below.
˜ = ∞
1 + m∑
j=1
Aj2
(E2c )j − E(E − ivj)
− ω
2
p
E(E + iΓ)
 (4.2)
The additional terms ωp which is the plasma frequency and Γ the collision fre-
quency, are also used. All of these parameters are able to be determined by methods
other than spectroscopy, and are typically not a function of energy (though they may
be a function of temperature). Thus one can see the benefit of parameterizing the
dielectric function. Several materials and classes of materials’ dielectric function have
been determined from this method but typically it is materials that may be trans-
parent or partly transparent in the visible spectrum but with free electrons which
participate in conduction, see for example [53, 54, 55, 56, 17, 18]. Preliminary results
indicated that the contribution of the Drude term to the LO model was negligible,
thus this parameterization was not used.
4.2.3 Tauc-Lorentz Parameterization
Due to the presence of oxygen vacancies and other defect states in BST, a param-
eterization which also accounts for absorption at energies lower than the fundamental
bandgap is necessary. The Tauc-Lorentz parameterization determines the imaginary
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part of the dielectric function by multiplying the LO model by the Tauc joint den-
sity of states, and the expression for total dielectric function is derived from these
relations. This model was developed by Jellison et al. [38] and the derivation is
as follows. The Tauc density of states was described by Tauc et al. and gives the
expression for the imaginary part of the dielectric function above the band edge as
2(E) = AT (E − Eg)2/E2 where AT and Eg are the constants to be fit. [13] For
E < Eg, 2 = 0, although this is truly not the case because defect related absorption
does occur at energies less than the bandgap. Combining the Tauc density of states
and equation 4.1, one obtains:
2TL(E) =
[
AE0C(E − Eg)2
(E2 − E20)2 + C2E2
· 1
E
]
E > Eg (4.3)
2TL(E) = 0 E≤Eg (4.4)
All of the fitting parameters have the units of energy (eV). The significance of
this expression is that it corrects the error the LO model makes in saying that k > 0
for E > Eg. In truth, interband transitions cannot result in optical absorption at
energies below the bandgap. Thus, the piecewise function forces 2 to zero below
the bandgap. The real part of the dielectric function is then obtained by performing
the KK integration, and the analytical solution can be found in paper by Jellison.
[38] After the integration, a new fitting parameter arises which is ∞. Unfortunately
there exists a trade-off in using this parameterization. While it attempts to remove
the effects from defect absorption, in truth those defects do exist and they do act to
increase 2 below the bandgap energy. As a result of the way the function is defined
and the presence of defects in the material, 2 above the bandgap energy may be
higher than it should and from the KKR, 1 in turn will be changed as well. It is
important to consider how much of an effect the defects play in the absorption of the
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material under study. Despite this potential drawback, the TL model was used by
Jufiwara et al. to study the effect of carrier concentration on the dielectric function
of ZnO:Ga and In2O3. [57]
4.2.4 Cauchy Model
The Cauchy parameterization is one which is not derived from first principles;
rather, it is a mathematical fit which is only applicable in frequency ranges of the
spectrum where the extinction coefficient is zero. In regions where there is no ab-
sorption the Cauchy model provides a sufficient description of the dielectric function.
One main advantage to its use is in the low number of free parameters. The Cauchy
model is represented as in equation 4.5 and 4.6. [49]
n(λ) = An +
Bn
λ2
+
Cn
λ4
(4.5)
k(λ) = Ake
Bk(
hc
λ
)−Ck (4.6)
If the use of the Cauchy model is taking place in the spectroscopic region with
no absorption, k is simply 0 and the model reduces to three fit parameters. This
is particularly useful when using ellipsometry to simply fit for thickness. The main
short coming of the Cauchy parameterization is that it can only be used up to energies
near the onset of absorption; as the absorption term reaches a maximum and begins
to change inflection, the model cannot fit the shape and the result can be a decrease
in MSE or non-physical Cauchy values (negative numbers).
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4.3 Fitting Algorithm
The raw unprocessed experimental data acquired by the ellipsometer is only the
first step in obtaining thickness and optical constants of the layers defined in the
physical model. The optimum physical parameters of a sample are thus determined
by a regression analysis of the optical data. Simply put, this is a comparison between
the experimentally determined ψ and δ and the ψ and δ which are calculated from
current physical model and all of the thicknesses and optical constants which comprise
the fit. The measure of the disagreement between the two pairs is called the mean-
squared error (MSE) and in WVASE32 is represented as:
MSE =
√√√√√ 1
2N −M
N∑
i=0
(ψmodi − ψexpi
σexpψ,i
)2
+
(
∆modi −∆expi
σexp∆,i
)2 =
√
1
2N −Mχ
2
(4.7)
Where N is the number of (ψ,∆) pairs, M is the number of free variables in the model
and σ is the standard deviations of the experimental data points. [49] Weighting the
data points by the inverse of the standard deviation helps to remove noisy measure-
ments’ contribution to the fit. The relationship between the MSE function and χ2 is
shown in equation 4.7. The problem is then a minimization one where the MSE is
minimized by varying the free parameters. The Levenberg-Marquardt Algorithm is
used to perform this minimization and is a combination of the gradient method and
the inverse Hessian method.
4.3.1 The Gradient Method
The gradient method simply evaluates the gradient of the MSE surface in M-
dimensional space, where M is the number of free parameters. Thus, the gradient
will be a vector with M dimensions, and the elements of the vector are given by:
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−1
2
∂χ2
∂ak
=
N∑
i=1
[
[yi − y(xi;~a)]
σ2i
· ∂y(xi;~a)
∂ak
]
≡ βk (4.8)
Then an adjustment vector is defined such that we may take a ‘step’ along the
gradient vector towards the minimum value of the MSE. This is given as
δal = (constant) · βl (4.9)
However, the choice of (constant) is arbitrary as there is no mathematical way of
its approximation; thus if the value chosen is too small, then the MSE will be only
improved very slightly and many iterations would be required to reach the minimum.
If too large a constant is chosen then that could cause the algorithm to overshoot the
minimum and would jump back and fourth across the minimum for many iterations.
4.3.2 The Inverse Hessian Method
This is another method for MSE minimization. It works on the approximation
that close to the minimum, one could expect the shape of the MSE to be parabolic,
as it is a quadratic function, and thus one could write
χ2(~a) ≈ γ − ~d • ~a+ 1
2
~a • ~D • ~a (4.10)
where ~d is a vector with M dimensions and ~D is an M x M matrix. If the approx-
imation (equation 4.10) is exact, then one can use the following relation to get at the
exact location of the MSE minimum.
~amin = ~acurrent + ~D
−1 • [−~∇χ2(~acurrent)] (4.11)
And then to calculate the matrix ~D
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1
2
∂2χ2
∂ak∂al
=
N∑
i=1
[
∂y(xi;~a)
∂ak
∂y(xi;~a)
∂al
− [yi − y(xi;~a)]∂
2y(xi;~a)
∂ak∂al
]
≡ αkl (4.12)
~α is the curvature matrix and by solving the following system of linear equations
M∑
l=1
αklδal = βk (4.13)
one determines the adjustment vector ~a that moves from the starting parameters
of the model to the correct ones. Again, this method works very well if the initial
estimation yields an MSE that is very close to the minimum. In this case the parabolic
approximation is accurate and the adjustment vector calculated is accurate; however,
it is not always the case that there is enough prior information known to make a good
initial estimate.
4.3.3 The Levenberg-Marquardt Algorithm
The Levenberg-Marquardt algorithm combines the gradient method and inverse
Hessian method to provide a robust algorithm that works well near and far from the
MSE minimum. The major short coming of the gradient method is that there is no
way of estimating the constant in equation 4.9; however, the inverse Hessian method
can provide a guess at the size of this value. Thus, equation 4.9 can be rewritten as
δal =
1
λall
· βl (4.14)
By inspection, the units of (constant) must have the dimensions of a2k which the
diagonal elements of ~α have. Marquardt introduced an adjustment parameter, now
called the Marquardt parameter. The ~α matrix is now redefined as:
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α′jj ≡ αjj(1 + λ), α′jk ≡ αjk if j 6=k (4.15)
With the adjustment to the curvature matrix, the Levenberg-Marquardt algorithm
combines 4.9 and 4.13 and is calculated according to equation 4.16
M∑
l=1
α′klδal = βk (4.16)
So at a given point on the MSE surface, adjustments to the variable parameters
are calculated as solutions to the set of linear equations in 4.16. Convergence is then
attained by modifying the Marquardt parameter depending on how the MSE error
improves with the adjusted values of the variables. If the MSE is improved by changed
variables, then λ is divided by ten to shift the method towards the inverse Hessian
algorithm, which is more accurate closest to the MSE minimum. If, however, the
MSE did not improve, then λ is increased by a factor of ten to bring the algorithm
toward the gradient method and the variable parameters are shifted back to their
original values.
A failing point of this algorithm exists due to the algorithm’s inability to tell a
local minima from the global minimum. To prevent this settling, it is recommended
by the WVASE32 manual to try fitting from widely separated initial guesses for the
variable parameters to investigate this.
4.4 Covariance and Correlation
An issue that exists with modeling is that of covariance and correlation. Co-
variance is a statistical measure of how much two quantities vary together, and is
quantitatively represented by a correlation matrix which is related to the curvature
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matrix described in §4.3.3 by [C] ≡ [α]−1. Where
αkl =
N∑
i=1
[
1
σ2ψ,i
∂ψmodi
∂ak
∂ψmodi
∂al
+
1
σ2∆,i
∂∆modi
∂ak
∂∆modi
∂al
]
(4.17)
The values in the correlation matrix can vary from −1 to 1 where −1 is perfect
negative correlation and 1 is perfect positive correlation. For the purposes here, only
the magnitude of correlation is pertinent. Thickness and certain optical constants
are almost always correlated 100%; and as a dielectric function parameterization is
being employed, it is certainly necessary to account for this correlation. As covariance
and correlation are present, it is necessary to address this issue. If two variables are
correlated, there exist ways to remove the correlation from the analysis. For example,
one could identify which variables are the most highly correlated and then analyze
which of the two is the more sensitive parameter and remove the other from analysis.
For this system this method would be performed as follows:
1. Obtain necessary experimental data
2. Measure Psi, Delta, Pref @ 75, 70, 65
3. Load substrate model (no free parameters)
4. ADD Lorentz Layer
5. ADD roughness Layer
6. Allow free parameters to vary:
a Layer 1 Lorentz A (Oscillator Amplitude)
b Layer 1 Lorentz ν (Oscillator broadening term)
c Layer 1 Lorentz Ec (Oscillator center energy)
d Layer 1 Lorentz ∞ (horizontal asymptote)
e Layer 1 Lorentz t thickness
f Layer 2 SROUGH.MAT t thickness*
41
7. WVASE32 calculates covariance matrix
a Select one variable from the pair of variables with the highest covariance
b Uncheck this variable (so that it is no longer a free parameter)
8. Reset free parameters
9. Run fitting algorithm
a IF fit does not approach previous MSE (signficantly lower)
* This variable is significant
b IF fit achieved is equal or close to previous MSE
* Then this variable is not significant and can be disregarded
c Repeat until minimum number of variables is obtained
4.5 Free Parameter Space
The analysis of covariance and correlation motivates the question, “what are the
maximum number of free variables which can result in a unique solution?”. Each free
variable introduced to the system also introduces an extra dimension to the solution
space. The surface minimum of this multidimensional space then corresponds to
the optimum combination of free parameters and is the solution. However, as the
number of free parameters increases, and correlation between the variables increases,
the sharpness of the minimum in the solution space decreases and there exists several
combinations of the free parameters which produce an equally likely solution. This
mathematical relationship exists as the correlation matrix is simply the inverse of the
curvature matrix, which describes the MSE solution space (see equation 4.17).
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5. Composition and Thickness Determination in Monolithic BST
5.1 Film Synthesis
The films used in this study were produced by the MOSD method developed by
Dr. M. W. Cole at the U.S. Army Research Laboratory, and by Claire Weiss, a
PhD Candidate at the University of Connecticut under the direction of Dr. Pamir
Alpay. The precursors used are granular barium acetate [Ba(CH3COOH)2], granular
strontium acetate [Sr(CH3COOH)2], and titanium (IV) isopropoxide [Ti(C4H9O)4]
and are combined in the desired stoichiometric ratio in a 0.43 msolar solution in acetic
acid and 2-methoxyethanol (MeO). The amount of MeO determines the viscosity
of the solution, and therefore the spin-coated film’s thickness. Further details of
synthesis can be found at [4, 11, 58]. After the solution is made it is applied to
the substrate by spin coating as detailed in §2.2.1, see Figure 5.1(a). Two different
substrates were used for samples in this study, a simple silicon substrate, as well
as a platinized silicon substrate. The plain silicon substrate has a nominal native
oxide layer thickness of 1.932 nm as determined by ellipsometry. The platinized
silicon substrates (Pt on TiO2 on SiO2 on Si) are commercially obtained and are
approximated as platinum.
After 5-7 iterations of deposition and subsequent pyrolization at 300◦C, the film
is annealed in a BL Barnstead Thermodyne tube furnace, see Figure 5.1(b), at 750◦C
in O2 for 60 minutes. This ensures that the desired perovskite phase is achieved.
5.2 Characterization
Monolithic BST samples were characterized via SEM, AFM, XRD, and Raman
Spectroscopy. Figure 5.2 shows a cross-sectional SEM image of a monolithic BST
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(a) University of Connecticut spin coater
used for the MOSD produced samples.
(b) Tube funace with oxygen atmosphere used in pro-
duction of the films for this work.
Figure 5.1: Key equipment for MOSD sample production belonging to Dr. Alpay
and the Functional Materials Group at the University of Connecticut.
sample. The image was taken with the cleaved side perpendicular to the electron
beam, and the left side of the image is a secondary electron image while the right side
is a back scattered electron image showing z-contrast.
Samples of compositions 60/40, 75/25, and 90/10 were investigated with XRD.
This measurement serves to confirm the presence of polycrystalline perovskite BST, as
opposed to amorphous, and indicates the cubic or tetragonal unit cell. As discussed
in §2.1.1, the phase of the unit cell will be dependent both on temperature and
composition. At room temperature, BST 60/40 is expected to exist in the cubic
phase, as the Curie temperature is -25◦C. Figure 8.1 in the appendix shows the XRD
data used in the following analysis. The presence of a peak at 32.178◦ corresponds to
a 2.778A˚ (110) spacing. At a composition of 75/27, the Curie temperature is +25◦C
thus at room temperature one could expect that the material is becoming tetragonal,
but is not completely there. A shoulder is emerging at 32.057◦ to the left of the (110)
peak at 32.253◦, which suggests that the sample is mostly cubic. Last is the 90/10
sample which is tetragonal at room temperature and all the way up to +100◦C. This
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Figure 5.2: SEM secondary and back-scattered cross sectional image with scale bar
to provide initial guess of thickness for BST layer.
has two clearly defined peaks at 2θ = 31.991◦ and 33.345◦, clearly indicating that
the lattice parameters a = b 6=c. The results here are in good agreement with that of
those reported in the literature. [11]
Raman spectroscopy was used as an additional initial probe of crystallinity, com-
position, strain, and spot-size uniformity (∼ 1mm2). Figure 5.3(b) shows four Ra-
man spectra at room temperature, while Figure 5.3(b) shows an example peak fitting,
which was performed using Igor Pro’s multi-peak fitting package v 2.0. For compari-
son, Figure 5.3(a) shows mode symmetries and their corresponding energy for BTO
and STO.
Surface roughness measurements were performed by AFM at the MesoMaterials
Lab with the help of Chris Hawley and Stephanie Johnson. A few samples were mea-
sured in order to get an idea of surface roughness. The roughness should be generally
the same sample to sample and across compositions, but one would not expect it to
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(a) Table of irreps and literature
reported values. [59]
(b) (top) Room temperature raman data from 514.5 nm
laser on various samples. (below) Example of peak fit-
ting the data using Igor Pro
Figure 5.3: Results of the Raman Spectroscopy study of three different monolithic
compositions and a multi-layer sample.
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Figure 5.4: Exemplary AFM data showing an RMS film roughnesses of 8.87 nm, 11.42
nm, 16.56 nm, and 26.07 nm from left to right. The respective compositions are listed
above each image in the figure and thicknesses are 580 nm, 600 nm, and 420 nm.
be the same across deposition techniques. Roughness values varied from about 5 nm
- 15 nm for the monolithic samples, and a sample of this data is represented in Figure
5.4.
For a table of samples indicating which specific characterizations each has re-
ceived, for example SEM, AFM, XRD, LO parameters, calculated bandgap values
and interpolated composition, see the Appendix §8.1.
Figure 5.5 includes two sub-figures that provide an example of raw ellipsometry
data. The data displayed is ψ and ∆ for four different samples, as indicated in each
legend, as a function of wavelength at only one angle of incidence, 75◦.
5.3 Building the Physical Model
The determination of the physical model of the system was developed through a
series of iterations. The model has continually improved as more information about
the structure and layers of the BST thin-films has become available from character-
ization. Four main models were developed for the films, they are monolithic BST
on silicon, monolithic BST on platinized silicon, graded multi-layer BST on silicon,
and finally a graded multi-layer BST on platinized silicon. Initially what was as-
sumed, from bottom up, was a substrate followed by the BST layer, terminated by
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(a) Psi
(b) Delta
Figure 5.5: Psi and Delta, the ellipsometric parameters, plotted for one angle of
incidence as a function of wavelength.
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a roughness layer which was represented by a Bruggeman EMA of 50% of the BST
layer below and 50% void. The substrate model layer was developed by performing
VASE on a bare substrate and fitting for the thickness of the layers present. The
actual BST layer in the monolithic case would then be represented simply by a layer
of certain thickness and an optimized optical dielectric parameterization and then the
roughness layer on top of that. The choice of parameterization is discussed in detail
in Section §4.2.
5.3.1 BST on Pt Substrate
The substrate model layer for films deposited on platinum is simply a semi-infinite
platinum layer, as the commercial wafers used report a Pt thickness of > 120 nm,
and a simple calculation reveals that the skin depth of platinum even at 250 nm of
incident light is less than 5 nm. Thus the approximation of a platinum substrate is
valid. The existence of voids at the Pt − BST interface was reported by Jin et al.;
however, the films produced by the technique employed by M. W. Cole, which were
used in this study, show no interface layer or voids. [11],[60]. The reason for the
defects being observed in the work of Jin et al. may be due to the fact that their
films were made by the MOCVD technique at a substrate temperature of 650◦C with
no post-deposition annealing. As mentioned in previous sections, the films of M.W.
Cole used in this study were made by the MOSD technique and were post-deposition
annealed at 750◦. As a result, the films would be of higher crystalline quality with
larger grains on the order of 150-200 nm and no significant accumulation of defects at
the interface. Therefore, the decision was made to not include a 50% Void 50%BST
EMA at the interface between the BST and Pt. If the fitting does not yield a MSE
of less than 20, this is an option to improve the fit, as perhaps the film was not ideal.
For reference, Figure 5.6 from M.W. Cole et al. shows the microstructure that results
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Figure 5.6: Microstructure that results from MOSD and annealing technique used to
produce the samples in this study. [4]
from the MOSD technique and annealing at 750◦. [4]
5.3.2 BST on Si Substrate
The BST on Si substrate model was modeled as a layer of SiO2 on top of semi-
infinite silicon. A thickness of 1.932 nm for the SiO2 layer was determined with an
MSE < 2. To add to the accuracy of what may actually be under the BST thin-film
layers, the substrate was treated exactly as it would be prior to BST deposition.
The process steps are: first spin coat the bare silicon substrate with the solvent 2-
methoxyethanol to remove any organics. Followed by drying on a hot plate at 300◦C
for 10 minutes. The film was then immediately characterized by VASE to capture
the layers exactly as they would be prior to deposition. It has been reported in the
literature that during the annealing process, oxygen can diffuse from the BST across
the SiO2 interface where it readily forms more amorphous silicon dioxide at the SiO2
Si interface. [30] However, it would not be valid to set the SiO2 thickness as a variable
parameter since it is under the BST layer, which is absorbing in the spectral range of
the data, thus there would be a correlation and the results would not be valid. It was
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concluded then that since a sufficiently low MSE was obtainable without changing
the SiO2 layer thickness, that the effect is either not occurring in this system, or that
the change in SiO2 thickness is negligible.
5.3.3 Index Grading
It has been found that the description of the BST model layer with thickness ‘t’
and optical dielectric function parameterization is improved by converting that layer
to a graded index. This means that the index will vary a certain percentage, which
is the fitting parameter for this layer over the entire thickness. As this addition to
the model always improves the MSE as well as the apparent fit, by observation, it
will always be used for describing the BST layers. There are physical explanations
for this observed improvement in the fitting from the index grading.
There are two effects which could result in this index grading. In the case of BST
thin-films on silicon, the index grading fits to a positive (increasing) index gradient
across the thickness, from bottom to top, whereas the films deposited and annealed
on platinum coated silicon substrates will have a negative (decreasing) gradient across
the thickness. The first of the competing effects may be that of a thermal gradient
existing across the thickness of the film. The annealing process is described in §5.1 and
due to the non-ideal thermal conductivity of BST, a gradient will exist; this implies
that the top of the film will develop a higher degree of crystallinity (larger grain
size) and that this will diminish towards the substrate. There is an experimentally
confirmed dependence of optical properties on annealing temperature, see Figure 5.8,
which further confirms this possibility. The potential explanation for the positive
index grading of the BST layer on the silicon substrate as opposed to the negative
index grading observed on platinum is that the platinum reaches temperature faster
than the top of the film, and the thermal gradient is reversed, this more complete
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crystallization occurs at the Pt − BST interface than the top. These observations
have not been confirmed and could be the subject of future work (§7.1).
Another effect which may contribute to a graded index is that of an oxygen gra-
dient existing across the film thickness. This will exist again due to the annealing
procedure, wherein oxygen is flowed during the process. The diffusion coefficient of
oxygen into BST at room temperature is approximately 1.5∗10−13cm2/s [61] whereas
at 750◦C it is much higher, thus exists the potential for a gradient to develop, as the
top of the film will have a higher oxygen concentration than the bottom. This can
affect the optical properties in that the presence of oxygen vacancies provides a defect
state where absorption can occur at energies lower than the fundamental bandgap.
Regardless of the post-deposition processing, BST films on platinum may have
interfacial defects at the metal-BST Schottky junction which will increase absorption
near the interface. This is another potential explanation for the negative index grading
seen specifically on the BST on Pt substrates.
5.3.4 Roughness Layer
It was decided early on that the inclusion of a roughness layer was necessary
to properly fit the experimental data to the model. It is well known in the field
of ellipsometry that one of the first requirements of a film to be studied by the
VASE technique is that the roughness must be on the order of less than 1/10th of
a wavelength. [62] The smallest wavelength in the spectral range is 250 nm thus,
roughness of 25 nm or greater would be unacceptable for VASE characterization.
The films are, at worst, a factor of 2.5 lower than this. After the initial decision to
include this layer, further improvements to the model tended to decrease the modeled
thickness to 0. Even testing far extremes of initial guesses for thickness and layer index
of refraction yields a roughness thickness of 0, thus, the conclusion is that this layer is
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not necessary in the model. There are some cases where the model is non-ideal, where
over the spot size of the ellipsometer the thickness varies. This is a roughness over a
different length scale and, depending on where on the sample the measurement was
taken, there may be an effect of thickness non-uniformity. The WVASE32 software
has an option to model non-idealities like this, and in the event that a model does
not converge well, this is one option which will improve the fit.
5.4 Method
This section describes the process steps which bring a user from an unknown BST
sample to a fully characterized sample. The first step is to characterize the substrate.
This is quite an important step, as the result will be the substrate layer used in all
future characterization, so if this is done improperly, then by propagation of error, all
future characterizations will be wrong too. Development of the silicon substrate model
only will be discussed, as the platinized silicon substrates are sufficiently described
as a platinum substrate.
I. Steps to building silicon substrate model
(A) Start with the bare substrate which is to have BST deposited on to it and
pre-process it as it would be prior to deposition.
(B) Immediately thereafter, acquire Psi, Delta, and % depolarization data at
75◦, 70◦, and 65◦ in the spectral range from 250 nm to 1000 nm.
(C) Add semi-infinite silicon substrate layer.
(D) Add SiO2.MAT and fit for thickness.
(E) Save the model as a .MOD file.
Computer modeling is notoriously more of an art rather than a science. People
devote years and lifetimes to understanding the quirks and particularities of it, and it
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is an aim of this work to remove the ambiguity and uncertainty in modeling the BST
material system. The following is the method used to unambiguously determine the
BST layer thickness and composition starting simply with an MOSD deposited BST
thin-film on one of the two substrates described in §5.4.
I. Data acquisition and first stage modeling
(A) Acquire Psi, Delta, and % depolarization data at 75◦, 70◦, and 65◦ in the
spectral range from 250 nm to 1000 nm.
(B) Choose pre-built substrate model (.MOD file).
(C) Add Cauchy.MAT layer to the substrate and restrict data range to 600 nm
- 1000 nm. In the options window, select ‘global’ modeling.
(D) Use An = 1.91, Bn = 0.01, Cn = 0 as initial guesses for the Cauchy
constants and set them as free parameters. For the initial guess for ‘t,’
simply set it arbitrarily at 100 nm. Then select ‘Delta’ data to appear
in the graphing window and increase the thickness until the calculated
∆ curve roughly lines up with the experimental one. This part is very
important, as the model, despite being set to global, may settle into a local
minimum near the initial guess thickness.
(E) Run the fitting algorithm and check the quality of the fit
(F) Convert the Cauchy.mat layer to a simple graded one with 7 sub-layers
and add ‘% index variation’ as a free parameter.
(G) Run the fitting algorithm until the MSE cannot be decreased anymore.
Look out for correlated variables and unreasonable confidence limits.
(H) IF MSE < 20, move on to II
(I) IF MSE > 20
i. Add thickness non-uniformity % to fitting variables (must have ac-
quired % depolarization data to do this). Go back to list item IG.
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ii. Restrict fitting range further i.e. 650 nm - 1000 nm. There is a limit
to this, as the further the range is restricted, the less believable are
the results. Go back to list item IG.
iii. Add ‘SROUGH.mat’ with thickness of approximately 10 nm. This
layer will be correlated with the Cauchy layer thickness. Go back to
list item IG.
II. Extending the range of the model
(A) Record the thickness obtained in I.
(B) Extend range to the full range of the data.
(C) Remove all free parameters and select n and k as the only parameters.
This means that n and k are variables at each data point.
(D) Perform a point by point fit starting from the lowest energy.
(E) If the MSE is < 20
i. Look at calculated optical constants for the BST layer and note the
region over which they seem reasonable. This range is usually from
approximately 2.0 eV to 4.0 eV.
ii. Save n and k as tabular data as a .mat file. Proceed to section III.
Note that at this point, since a point by point fitting was just used,
the data is not KK consistent. This obtained dielectric function is for
fitting in the following section only.
(F) If the MSE is > 20 and if the optical constants are completely nonsense,
then start over from the beginning and add some of the model improving
suggestions.
III. Fitting and optimizing the TL model
(A) Replace Cauchy layer with genosc layer. The genosc is the general engine
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in WVASE32 which operates different parameterizations.
(B) Select Tauc-Lorentz Oscillator and load saved n and k table as ‘reference
material’.
(C) Allow Amp, En, C, and Eg to vary and use the genosc set up interface
to qualitative match the TL spectra to the reference one. Select, ‘Fit to
Ref.’ to perform mathematic fitting of the two spectra. Now the imaginary
parts of the TL representation of the dielectric function matches up with
the point by point calculated one from I.
(D) Add ‘e1offset’ to the fit parameters. This is the constant needed to obtain
1, the real part of the dielectric function.
(E) Designate layer thickness to be the thickness which was determined in I.
Do not allow this to vary.
(F) Restrict data range at first to the range over which it was decided that
the optical constants seem to qualitatively make sense from item II(E)i.
Typically this range is 2.0 eV to 4.0 eV.
(G) Run the fitting algorithm until the MSE cannot be decreased anymore.
Look out for correlated variables and unreasonable confidence limits.
(H) If MSE is < 20, proceed to item IV.
(I) If MSE is > 20, and every suggestion mentioned thus far was tried, there
are some more advanced options for improving the fit further in the WVASE32
manual. [49] However, the concern is that correlation effects may cause
the MSE to improve, but the validity of the fit to decrease. Therefore,
they must be used with caution.
IV. Composition determination
(A) Export ‘k,’ the extinction coefficient, as a function of energy into Igor Pro
and perform the ‘Tauc Plot’ procedure defined in 8.2 and depicted, for
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BST 6040 on silicon, in Figure 5.7.
(B) The bandgap energy correlates to composition. There is also an effect due
to the annealing procedure, for an explanation, see §5.4.2.
5.4.1 Notes on the Tauc Plot
There is a consequence of using the Tauc-Lorentz parameterization on the effec-
tiveness of the Tauc plot. In effect, this parameterization serves the same function as
the Tauc plot, in that it attempts to remove the effect of defect states in the absorp-
tion so that the fundamental bandgap is simply determined graphically. In the limit
that the MSE goes to zero, and the TL parameterization perfectly describes the op-
tical parameters, the Tauc plot becomes a perfectly straight line. Thus, analyzing it
to determine the bandgap becomes slightly different. Normally the plot is curvilinear
in shape and one fits a line to the linear region; however in this case, as the plot is a
line, the linear region is the entire region. It is simple to understand, but should be
considered when actually extracting the bandgap from the Tauc plot.
Another item which is worth mentioning is that of range selection. The Tauc
plots for BST should follow the form indicated in Figure 5.7. There arises an issue of
choosing the most linear section of the plot if the range is restricted during modeling
(to obtain a reasonable MSE). If the range is restricted such that it does not include
the inflection point of the Tauc plot, in the region where the function is rising, then
one cannot accurately extrapolate the linear region to obtain the bandgap. For the
purposes of the work described here, the functional range is from 0eV −3.7eV . Thus, if
during modeling, the chosen range of experimental data, which was used for modeling
is less than 3.7 eV, then producing a Tauc plot is not meaningful. Furthermore, the
linear region will be defined as the range over which a linear fit provides an R2 value
of 0.999 or better. Additionally, the line must touch or pass through the inflection
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Figure 5.7: Example of the Tauc plot with BST6040, showing a bandgap of 3.4407
eV.
point of the curve. If this is not attainable, then further modeling must be done to
improve the MSE of the fit. A final indication that the linear fitting was performed
properly is if the line extrapolated for the high index curve converges to nearly the
same point on the x-axis as the extrapolated line for the low index curve. Again,
due to an improvement of the fit of the model to experimental data by describing the
BST layers as one which is graded, there will be a “high” index and a “low” index.
This simply refers to the fact that there will be two extinction coefficients, ‘k’, as a
function of energy; one for the top of the film and one for the bottom.
5.4.2 Effect of Annealing Procedure
The result of the works of M.W.Cole et al. and Tian et al. indicate that there is
expected to be an optical and structural effect on MOSD produced BST thin-films
58
Figure 5.8: Effect of annealing temperature on bandgap in BST 9010 deposited by
MOSD on Si. Data from Tian et al. represented in graphical form.
[40]
from the annealing procedure. Tian concludes that the effect of annealing temper-
ature is likely due to either defect states existing in the forbidden energy gap and
creating an absorption state, or due to oxygen vacancies which can trap electrons and
act as a donor level. These defect states and oxygen vacancies are affected by the
annealing temperature and atmosphere, implying that this study is only meaningful
when conducted across one annealing procedure. [40] Otherwise, the bandgap needs
to be mathematically adjusted according to the relationship in Figure 5.8. Taking
this published work one step further, a linear fit to this data produces the relation
Bandgap = −0.00127 ·T +4.891. Thus for one specific deposition technique and com-
position, this equation can predict how different annealing temperatures should effect
bandgap. The idea that this dependence exists can also be qualitatively confirmed
by revisiting Figure 2.9.
Another study by Iwao Suzuki [63] concluded that there is a trend of increasing
index of refraction with increasing annealing temperature. In the study, they assumed
a three layer model of BST (70/30) on silicon dioxide on a silicon substrate and
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annealed MOSD produced films in O2 and N2 atmospheres at temperatures ranging
from 400◦ to 800◦. Their results were based on VASE modeling of the dielectric
function in the range 500 nm - 1000 nm using a Cauchy parametrization. These may,
however, be flawed as Mueller indicates that a three-layer model may be insufficient to
describe the BST material system, and a model which includes a BST/SiO2 interfacial
mixing layer may be more appropriate. [64] Their study was performed with sputtered
samples, involving much more energetic species than MOSD produced films, so its
applicability must be investigated.
5.5 Analysis
Initial modeling of the bandgap was performed using a model which consisted of
a surface roughness layer, a Lorentz oscillator layer, followed by the substrate layer;
the details of which are published elsewhere. The results of the initial modeling
are summarized in Figure 5.9. The figure shows index of refraction and extinction
coefficients of three different compositions of monolithic samples, resulting from the
Lorentz oscillator parameterization. The left inset shows a schematic of the computer
model used. The plot on the right side of Figure 5.9 shows the use of the Tauc plot
in extrapolating the bandgap. The right inset then shows the trend of bandgap with
barium content as a result of the analysis. 4.61 eV, 4.51 eV, and 4.44 eV are the
bandgap values obtained for BST 60/40, BST 75/25, and BST 90/10, respectively.
These values are considerably higher than other literature values which are in the
range of 3.2-3.8 eV.[65, 42, 66] It is expected that there will be variation in the
bandgap across deposition conditions, substrates, and annealing procedures, but the
results presented here seem too high. It should also be mentioned that the trend of
the variation of bandgap with barium content matches that of Panda et al. in Figure
2.8.
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Figure 5.9: Results of this study which were published in the journal Integrated
Ferroelectrics.[67] The bandgap was modeled using the Lorentz oscillator model
After further analysis of the computer model and observing the effect each model
component has on model convergence, consistency, and ultimate MSE value, the
model was refined. Tt was decided that, following the method outlined in §5.4, a
surface roughness layer should not be included unless the MSE value is not less than
20. Also that the BST layer is better represented as a Tauc Lorentz layer. After these
changes, the sample set was re-analyzed and as a result, obtained bandgaps were lower
and in the expected range for BST. However, after analysis of 6 samples of the same
composition, it became apparent that the composition sensitivity of this method needs
to be improved. Possible ways to improve the compositional sensitivity of the method
are discussed in §5.5.1 and in §7.1. The Figure 5.10 shows these results. Note also
that the color of the data point on the graph indicates the MSE of the modeled value,
the legend for which is also included. A lower MSE indicates a better fit and thus a
more believable data point.
If one were to prepare BST 90/10 thin-films by the MOSD technique and deposit
them on silicon substrates, as were the samples produced by Tian et al., but annealed
at a higher temperature of 750·C then according to the relation inferred from the
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data in Figure 5.8, a bandgap of 3.94 eV would be obtained. This is an important
result as it falls within the energy range of the data in Figure 5.10. In particular,
comparing this result of the literature with the results of this work are meaningful as
the deposition technique, annealing condition, sample composition and substrate are
the same, enhancing the confidence of the modeled results.
Figure 5.10: Modeled bandgap trend using Tauc Lorentz model. Data are in a more
reasonable range, however the composition resolution still needs to be improved.
5.5.1 Error in Composition
A factor that contributes to the error in assigning a bandgap to a composition
is that the techniques used to independently confirm the composition are not accu-
rate to more than ±1% composition. Thus, two samples which are ‘BST60/40’ may
actually be ‘BST59/41’ and ‘BST61/39’ and have correspondingly different bandgap
but would actually serve to increase the error in assigning the bandgap energy of
‘BST6040’. Some ways to improve errors might include more advanced and accu-
rate characterization techniques like x-ray reflectance measurements, or Rutherford
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backscattering.
The samples used in this study were made by a method which has been proven
by RBS, AES, and XRD to create films of quality and compositions that was ini-
tially intended. [11, 10, 58] However if a slight measurement error was made during
synthesis, this error propagates to the final composition of the film.
As a result of analysis of the error in measurements and modeling the bandgap,
this technique as it stands may not be a viable method to determine composition.
For it to become viable, a larger sample set should be studied as well as further
improvements should be made, which are suggested in §7.1.
63
6. Composition and Thickness Determination in Multi-layer BST
6.1 Film Synthesis
Synthesis of the graded BST thin-films follows the same procedure as described in
§5.1. The difference is that the procedure is repeated three times with an annealing
step before switching compositions.
6.1.1 Annealing Procedure
The annealing procedure, which was developed and optimized by M.W. Cole et al.
is discussed in detail in works published elsewhere. [68] The production of discrete
compositionally layered BST thin-films is entirely dependent on the proper annealing
procedure, due to inter-diffusion of the different compositional layers, in the amor-
phous state, at the annealing temperature of 750◦. If annealing is performed once,
after all of the discrete compositional layers have been deposited and pyrolyzed, then
one uniform homogenous composition will remain. Thus to obtain three discrete lay-
ers, each deposited layer must be annealed before subsequently depositing the next
composition on top of that. This method produces the desired discrete multi-layered
structure because inter-diffusion of amorphous BST into crystalline BST does not
occur. This annealing procedure, however, does not ensure that the interfaces are
void free at the BST layers.
6.2 Characterization
Steps have been taken to begin characterization of the multi-layer graded thin-
films. Additional information needed is of a detailed investigation of the BST layers,
how surface roughness propagates through the layers and is manifested in top layer
64
Figure 6.1: Images of the FIB prepared TEM sample at 35,000x.
surface roughness, as well as that effect on the interfacial roughness of the layers.
Focused ion beam prepared tunneling electron microscope samples were investigated
to gain a qualitative description of the interface layers.
6.2.1 Focused Ion Beam Preparation of TEM Samples
The focused ion beam (FIB) was used to prepare a cross-section of the graded
multi-layer films to be investigated by TEM. Figure 6.1 shows the FIB prepared
sample before using ion milling to thin the lifted-out cross section. Prior to any ion
milling, a thin carbon layer was deposited on the film, followed by a low density
platinum layer, to protect the film from rogue gallium ions. Milling currents of 30-
100 pA were used to minimize the amorphous layer and gallium ion implantation
during sample thinning. After nearly the final thickness was obtained, a low voltage
exposure was performed to further clean the surface. Ultimately, a nominal thickness
of the lifted out cross-section including the BST layers of 70 nm was achieved.
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Figure 6.2: TEM image of a cross-section of the graded BST thin-film, viewing per-
pendicular to the z-axis.
6.2.2 Transmission Electron Microscopy
Transmission Electron Microscopy (TEM) was performed to gain an understand-
ing of the interfaces which exist in the multi-layer BST. Simple transmission mea-
surements were performed, and due to the thicker than desirable samples, only low
resolutions were obtainable. Thicknesses indicated on Figure 6.2 were measured by
use of ImageJ software.
6.3 Analysis and Proposed Model
A first estimation at the physical representation of the BST multi-layer films has
been made from a brief TEM study of the interfacial layers. Figure 6.2 indicates that
the interfaces cannot be treated as perfectly abrupt. There is about a 33 nm distance
where the composition moves from purely one to entirely the other. There appears
to exist a roughness at the interfaces which exists due to the grains present. These
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(a) Interpretation of the TEM study resulted
in a layer description which includes roughness
and voids between the BST layers.
(b) Proposed physical model to be used with
VASE in determining optical constants and
thicknesses of the different compositional lay-
ers.
Figure 6.3: Analysis of TEM image and resultant suggested physical model.
observed effects are entirely dependent on the MOSD technique. When the first BST
composition, 75/25, is deposited on the substrate, platinum in this case, the roughness
is not propagated through to the newly created surface, as the sol-gel does not go
down epitaxially. However, during annealing, grains are formed and growth occurs in
all directions, thus creating a new rough surface. AFM of monolithic BST suggests
this roughness will be on the order of 5 nm - 10 nm. Then when the next composition
is deposited, pyrolyzed, and annealed, it appears that as the polycrystalline grains
form, they do so with voids between the layer below it. So if we think of the system
as it is described schematically in Figure 6.3(a), an appropriate representation of this
in terms of modeling might be as shown in Figure 6.3(b).
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7. Conclusion
This work has shown that variable angle spectroscopic ellipsometry can be used
with modeling to determine the fundamental bandgap, an identifier of composition,
as well as layer thicknesses of monolithic BST thin-films. The work also suggests
that a similar goal might be achieved with multi-layer structures after further char-
acterization of the interfaces of the different BST layers is undertaken. That next
step has already begun and was discussed previously in §6.2. It has been found and
was confirmed by others in the literature that the absolute value of the fundamental
bandgap of the BST layers will vary across composition, deposition technique and
annealing temperature. Thus, the usefulness of the results of the study are only for
one set of the variable parameters. A simple linear relationship seems to exist be-
tween the bandgaps of samples made by the same deposition technique and of the
same composition and annealed at different temperatures. The result comes from the
work of Tian et al. [40]
7.1 Future Work
This study provides an introduction to the potential use of variable angle spec-
troscopic ellipsometry as an all-in-one characterization tool for composition and layer
thickness of BST single and multi-layer thin-films. To take the study to the next level,
a few ideas are proposed for future work. For one, extending the study to other classes
of materials and material systems may increase interest and speed up the adaptation
of the technique of ellipsometry and its use in thin-film characterization.
Another extension of the study could be the application of VASE characterization
to MOCVD produced films and integrate the ellipsometer into the MOCVD reactor
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to provide in situ analysis of composition and thickness for real-time monitoring.
This increases control of layers’ composition and thickness, as well as improves reli-
ability and quality control. MOCVD is a technique which can be easily scaled up to
mass-production, and in that case low thickness and composition tolerances could be
enforced and produced with high yield.
An investigation of thermal gradients during annealing would further explain and
confirm the presence of index grading. Furthering understanding of the system will
in turn provide more control during synthesis and final device quality control.
The BST thin-films are mostly desirable in their multi-layer graded form. Thus,
application of the knowledge gained of the interfaces from the FIB/TEM study to
propose and develop a multi-layer model would be more useful than the simple mono-
lithic case proposed in this work. A multi-layer model has been proposed but not
tested, and significant would would need to go into analysis to bring these ideas to
usefulness. Specifically, further analysis of the interface layers between the graded
layers is necessary. When depositing a film on to a surface which has a certain rough-
ness, depending on the deposition technique, that roughness may be propagated to
the newly created surface. Roughness propagation through a multi-layer stack is of
particular concern
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8. Appendix
8.1 Sample List
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8.2 Igor Source Code for Tauc Plot
Source code used to convert tabular ‘k’ into a bandgap via the Tauc plot. See
Figure 5.7.
function Taucplot(name,hv,khigh,klow)
string name
wave hv
wave khigh
wave klow
Make/n=(numpnts(hv))/O AHVhigh
Make/n=(numpnts(hv))/O AHVlow
variable index=0
Do
AHVhigh[index]=(((4*Pi*khigh[index])/(1239.8*hv[index]))*hv[index])^2
AHVlow[index]=(((4*Pi*klow[index])/(1239.8*hv[index]))*hv[index])^2
index = index + 1
while (index < numpnts(hv))
duplicate/o AHVhigh, $(name + "tauc_h")
duplicate/o AHVlow, $(name+ "tauc_l")
display $(name + "tauc_h"), $(name + "tauc_l") vs hv
label left "(alpha*hv)^2"
label bottom "ev"
TextBox/C/N=text0/A=MC name
end
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8.3 XRD results
Figure 8.1: XRD data of 60/40, 75/25 and 90/10 compositions.
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ABSTRACT
We present the results of characterization and analysis of the optical dielectric function of
monolithic BaxSr1-xTiO3 films prepared by metal-organic solution deposition (MOSD).
Lorentz Oscillator + Drude parameters and band gap for selected compositions are
determined from variable-angle spectroscopic ellipsometry. Variation of the complex
optical dielectric function is seen, and the results suggest that spectroscopic ellipsometry
can be an effective means of both ex situ analysis and in situ monitoring of film
composition during other BST and related film material growth processes.
Keywords: Ferroelectric thin films, phase shifters, BST, spectroscopic ellipsometry,
optical dielectric function
INTRODUCTION
Thin-film barium strontium titanate, BaxSr1-xTiO3 (BST) is a complex oxide
consisting of a solid solution of ferroelectric barium titanate BaTiO3 (BTO) and
the (quantum) paraelectric strontium titanate SrTiO3 (STO). BST continues to
attract significant interest due to its applicability as a high frequency low loss
tunable dielectric material. Variation of the BST stoichiometry and ferroelectric
polarization along the vertical axis toward pure BTO (e.g. graded multilayers)
Received August 16, 2009; in final form December 16, 2009.
∗Corresponding author. E-mail: spanier@drexel.edu
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has been shown to provide a dielectric function temperature insensitivity, [1]
along with an increased dielectric response and low dielectric loss relative to
the monolithic (pure BTO) case. Such designs increase device performance
and utility in a number of applications, including as a tunable microwave
communication technology. For BST to become more widely adopted and
integrated, it must be produced by a scalable process such as metallorganic
chemical vapor deposition (MOCVD). [2, 3] Growth of complex oxide films
in monolithic and graded form for these and related applications demands
methods for rapid ex situ analysis of film composition and uniformity, and
in situ characterization of composition during growth.
Tcheliebou et al. [4] presented a study of the optical dielectric function in
monolithic films of BST grown by pulsed laser deposition (PLD) on (1¯102)
sapphire over the range 382–800 nm from transmission measurements using
an abbreviated Cauchy model and an individual dipole oscillator model. RF
magnetron sputtering of BST on p-type silicon and glass were studied by
B. Panda et al. [5] with transmittance and ellipsometry to investigate the dis-
persion and band gap dependence on composition. This was also independently
confirmed as reported in Refs. 4 and 5. More recently, Zelenzy [11] studied
PLD-produced Ba0.75Sr0.25TiO3 (75/25) on platinized silicon by a combination
of reflectance and ellipsometry using a Cauchy model in the transparent wave-
length range and the Cody-Lorentz model around and below the absorption
edge.
The main goal of this work is to demonstrate that successful analysis of
variable-angle spectroscopic ellipsometry data collected from monolithic BST
films can be used to investigate and quantify the BST thin film composition,
thickness d, and interfacial abruptness. Here we present a characterization of the
optical properties of several metallorganic solution-deposited (MOSD) films
of different composition and values of thickness. Here, MOSD is a process
whereby different metallic precursors are separately dissolved and then com-
bined in solution in an appropriate stoichiometric ratio, then spin coated onto a
silicon or platinized silicon substrate, pyrolized, and finally annealed. MOSD
has enabled rapid study and optimization of monolithic and graded thin film
materials for device applications.
Variable-temperature dielectric characterization, topographic atomic force
microscopy (AFM), and scanning electron microscopy (SEM) of the MOSD
films were performed to characterize the dielectric response, surface roughness
and general microstructure; dielectric measurement results will be reported
elsewhere. The films are polycrystalline and perovskite phase as confirmed
by x-ray diffraction (XRD), and the composition of the films was verified by
Rutherford backscattering spectroscopy and Auger electron spectroscopy as
reported elsewhere. [7, 8] The spectroscopic ellipsometry data were fitted by
carrying out a constrained optimization of fitting parameters for several se-
lected trial dielectric function models, including known interfacial and surface
layers. A global modified Levenberg-Marquart algorithm was used to minimize
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the total root-mean squared error (RMSE) values. In particular, the Lorentz os-
cillator model, including an additional Drude term, was chosen because of its
appropriateness within the spectral region of the optical bandgap.
Spectroscopic ellipsometry [9, 10] is a versatile analytical method which
measures the change in polarization upon reflection of incident linearly polar-
ized light from one or more films on a semi-infinite substrate; it is routinely
carried out as a function of wavelength and angle of incidence. Measured is the
ratio of parallel-to-perpendicularly polarized light by use of a rotating analyzer,
and is expressed by the ellipsometric parametersψ and",ρ = ˜RP
˜RS
= tan(ψ)ei"
whereψ is the change in amplitude and" is the change in phase of the reflected
light. The complex Fresnel reflection coefficients ˜Rs and ˜Rp are related to the
index of refraction and extinction coefficient of each layer in the system by
Snell’s law.
Two different dispersion function models were considered. Although the
Cauchy model n(λ) = An + Bnλ2 + Cnλ4 and k(λ) = Ak + Bkλ2 + Ckλ4 is purely phe-
nomenological and is without physical basis, its application results in a reason-
able description of the shape of the dispersion curve below the bandgap. A more
physically relevant model, the Lorentz Oscillator + Drude (LOD), assumes a
number of oscillators which resonate at one or more frequencies, and includes
the effect of free-carriers as well as lattice dispersion, though this contribution
may be negligible. The Drude component in the function accounts for delocal-
ized electrons, and it is more applicable for metallic systems. However, if the
material is non-metallic and does not possess free electrons, then its contribu-
tion to the dielectric function is negligible, and thus its inclusion does not detract
from the accuracy of the model. The number of oscillators is system-specific,
but from initial modeling and Refs. 4 and 5, a single oscillator is suggested.
The form of the single oscillator LOD is ε˜(E) = ε∞(1+ A2E2C−E(E−iv) −
ω2p
E(E+i') )
where ε∞ is the high frequency lattice dielectric constant, ωp is the plasma fre-
quency, ' the collision frequency, EC is the center energy of the oscillator, A is
the strength of the oscillator and v is the vibrational frequency of the oscillator.
EXPERIMENTAL: Surface Characterization and Reflectance
& Ellipsometry
Surface Characterization
Several samples were prepared for this study by the MOSD method. Films
were prepared on silicon with a native oxide layer as well as on platinized
silicon. Barium acetate and strontium acetate were the precursors used in the
synthesis of the films. (A complete description of synthesis is presented in
Refs. 7 and 8.) Cross-sections of the monolithic BST samples were prepared
and viewed by field emission SEM (Amray 1850 FE-SEM) to provide an
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Figure 1. Scanning electron micrograph (SEM) of an MOSD-produced monolithic
BST film deposited on a platinized SiO2/Si substrate. In the figure, a denotes the BST
film, b the Pt layer, and c the SiO2/Si substrate.
estimate of thickness and to verify the accuracy of the model (Fig. 1). Surface
roughness was obtained using AFM (Asylum Research MFP3D, Santa Barbara,
CA). Scans were performed over a 25 µm2 area and showed RMS roughness
values of 9–17 nm depending on sample thickness. Reflectivity measurements
were performed using a Shimadzu UV-2501PC UV-VIS spectrophotometer in
the range 250 nm–1000 nm. Spectroscopic ellipsometry was performed (J.A.
Woollam, Model M-2000U, Lincoln, NE) from 245–1000 nm and at angles of
60◦, 65◦, 70◦, and 75◦ from normal, and analysis was aided by the WVASE32
and Film Wizard (SCI, San Diego CA) software packages. Analysis of the data
showed that data acquired at 70◦ and 75◦ exhibited the least depolarization, and
these data were used in modeling.
Values for surface roughness δ obtained by AFM were used as an input
in the thin film modeling and analysis. A single value for roughness was the
starting point for the model, depending on deposition technique and substrate
used. The typical values of roughness for different substrates are shown in
Table 1.
Reflectance and Ellipsometry
Shown in Figs. 2a and b are the variations in ) and " for different thick-
nesses of the same composition, and different compositions at roughly the same
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Table 1
Typical roughness values for various compositions of monolithic BST on Pt.
Substrate Ba/Sr Ratio RMS (nm) Scan area
Pt on Si 70/30 16.56 5 µm × 5 µm
Pt on Si 80/20 11.42 5 µm × 5 µm
Pt on Si 90/10 8.87 5 µm × 5 µm
Figure 2. ) (left axis) and " (right axis) for two samples of the same composition
but different thicknesses (a) and for two samples of the same thickness but different
composition (b).
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Figure 3. a,b-Representative model fitting results for calculated) and" (top) as com-
pared with experimental data. Reflectance data (bottom) for three different compositions
is shown.
thickness, demonstrating the variations in ellipsometric parameters are inde-
pendent of with thickness and composition. Shown in Fig. 3a are the experi-
mentally obtained ) and " and the calculated functions ) and " which result
after optimization of the free parameters in the model; measured reflectance is
displayed in Fig. 3b. The appearance of interference fringes indicate that the
roughness of the film is well within a fraction of a wavelength, and that the
thickness is on the order of an optical wavelength.
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RESULTS AND DISCUSSION
Initial guesses for dispersion with the LOD model were obtained by per-
forming a linear interpolation of tabular data for the index of refraction and
extinction coefficient from pure BTO to pure STO from Palik. [5] These data
are then converted into LOD parameters and serve as the initial guesses for
the model. Because the wavelength of the bandgap λg of BST is 345 nm
< λg < 360 nm [4, 5] our modeling using the Cauchy distribution func-
tion can only be performed in the range 400 nm ≤ λ ≤ 1000 nm. To ob-
serve the bandgap one cannot use an unmodified Cauchy function; instead
we applied the LOD model here. Others have reported on the dependence
of index of refraction with composition as well as that of bandgap on com-
position. [4, 5] Consistent with previously reported work, we find that ex-
perimental evaluation of band gap in these complex oxide perovskite solid
solutions is a good indicator of composition as it varies consistently with
composition.
LOD modeling was performed in the spectral range 300 nm≤λ≤ 1000 nm.
Shown in Fig. 4 (left) are the calculated optical dispersions. We used a geome-
try which consisted of a surface roughness layer represented by a Bruggeman
effective medium approximation. The representative model geometry is pic-
tured in the inset of Fig. 4 (left). The six LOD fitting parameters were allowed
to vary, along with the thicknesses of the surface roughness and BST layer. The
results are listed in Tables 2 and 3. RMSE values were typically around 6, and
this relatively large value is likely due to the large number of fitting parameters;
Figure 4. (left) Modeled dispersion of three different compositions of BST with
model geometry in inset. (right) extrapolation of absorption plot to infer band gap,
which is plotted in the inset, shown as a function of barium content. (See Color Plate
VI)
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Table 2
Lorentz+Drude parameters of films of different composition and thickness.
Composition 60/40 70/30 75/25 80/20 90/10(A) 90/10(B)
Substrate SiO2/Si Pt/SiO2/Si SiO2/Si Pt/SiO2/Si SiO2/Si Pt/SiO2/Si
ε∞ 6.82 1.84 3.09 2.84 2.43 2.65
ωp 1.00 0.94 0.41 0.30 0.36 0.34
' 0.99 9.99 0.17 8.32 0.32 0.12
A 9.27 4.49 2.70 3.16 3.40 3.96
EC 5.29 4.83 4.63 4.53 4.71 4.69
v 0.16 0.35 0.27 0.24 0.23 0.59
d, nm 433 579 228 500 234 487
δ, nm 6.8 10.7 1.7 7.2 4.8 4.3
RMSE 7.28 13.8 7.35 5.57 7.15 4.81
subsequent analysis will reduce the number of free parameters through parallel
investigation of the parameters by other methods.
We have analyzed the bandgap by modeling the extinction coefficient with
the LOD model. To obtain the composition-dependence of the bandgap Eg, we
calculated the absorption coefficient α as a function of λ via α = 4pik
λ
and we
extrapolated the linear portion of a plot of (αhv)2 vs. energy to its intersection
with the energy axis, as shown in Fig. 4b. Here, we have assumed a direct
gap, namely αhv = K × (v − Eg)1/r where r = 2 and K is a constant. The
obtained values (see inset of Fig. 4b) are comparable to those reported from
BST produced using sol-gel processing [11].
Table 3
Lorentz+Drude parameters of six different films of identical composition.
Composition 60/40 1 60/40 1b 60/40 2 60/40 3 60/40 4 60/40 5 60/40 6
Substrate SiO2/Si SiO2/Si SiO2/Si SiO2/Si SiO2/Si SiO2/Si SiO2/Si
ε∞ 1.05 1.25 1.00 2.24 2.12 2.68 2.13
ωp 1.99 4.25 0.99 0.24 0.54 0.54 1.8
' 0.02 497.63 19.77 0.89 12.82 0.05 165.71
A 8.14 7.04 9.27 4.16 4.44 3.69 4.24
EC 4.46 4.99 5.29 4.74 4.74 4.77 4.72
v 0.08 0.19 0.16 0.22 0.15 .18 0.22
d, nm 279 250 433 240 398 267 244
δ, nm 9.89 5.4 6.8 4.7 6.6 4.4 5.6
RMSE 9.31 6.75 7.28 7.32 7.83 6.56 7.60
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CONCLUSIONS
A characterization of the optical dielectric function of BaxSr1-xTiO3 of se-
lected composition and thickness was performed. We have applied the LOD
model to our analysis of the data to obtain parameters for the dispersion of the
material, and then to obtain the composition-dependent band gap. We found
a correlation between composition and bandgap in the results obtained for
MOSD-produced films. Though further work is needed, particularly involving
the application of spectroscopic ellipsometry to the evaluation of the optical
properties of compositionally modulated BST, this work suggests that in situ
analysis of composition during growth may be possible. Ongoing work includes
analysis of applicability of other models to this system and improvement of its
accuracy, and applying the model to evaluating interfacial sharpness in more
detail.
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